Introduction
Optical fibers have many advantages over metallic lines such as broad bandwidth, low-loss, immunity from interference due to electromagnetic induction, etc. They can be used to implement ultra-fast pulse signal transmission over a long distance under the circumstance with sophisticated electromagnetic radiation. However, while optical fibers are exposed in nuclear radiation environments, changes in their optical properties will occur thus resulting in deterioration of system performance eventually. Optical fibers will be required to withstand exposure to nuclear environments. Since optical fibers were applied in nuclear radiation environments as signal transmission media, people began to study effects of radiation on optical fibers, to measure the changes of optical fiber parameters, e.g. radiationinduced loss, irradiation damage recovery time and to analyze the effecting factors (Mattern et al., 1974; Evans et al., 1974; Golob et al., 1977; Friebele et al., 1978 Friebele et al., , 1979 Friebele et al., , 1980 . Research results are used to evaluate the variation degree of optical fiber system performance and their working lives under nuclear circumstance, and to search methods for reducing radiation-induced loss (Tsunemi et al., 1986; Akira et al., 1988) . As a result, anti-radiation optical fibers are developed subsequently. With the application of anti-radiation optical fibers, the degradation of performance will be reduced and the system life will be extended accordingly. On the other hand, radiation detecting systems based on the parameter changes above-mentioned are established to monitor the ambient radiation doses of underground nuclear exploders, space-aircrafts, radiation reactors and other nuclear facilities (Ramsey et al., 1993; Moss et al., 1994; Tighe et al., 1995; Fernadndez et al., 2002; May, 2006) . When radiation projects to optical fibers, three effects will produce: (1) Increase of optical fibers absorption loss. The additional loss caused by radiation of photons and electrons with lower energy corresponds with the mechanism of color center. The color center spectrum lies usually within the visible and near-infrared wavelength regions, and it is resonant absorption that leads to additional loss. Neutron or alpha particle radiation absorbed by optical fibers can also cause additional loss. It will mainly damage optical fiber matrix structure and produce atomic structure defects and release electrons. (2) Changes of optical fiber refractive index. As a result, boundary conditions will no longer fully meet the optical fiber waveguides, and increase of evanescent field coupling energy will lead to additional loss. (3) Development of optical fiber luminescence. It is usually considered to be fluorescence or Cerenkov effects. It is very difficult to detect the light due to its weak intensity along optical fiber axis.
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The purpose of the research is to provide experimental data for reducing radiation-induced loss of optical fibers and to attempt to evaluate system performance degradation of optical fibers under nuclear environments. This chapter will mainly discuss transient γ-ray effects on commercial optical fibers. Two different dose and dose rate γ-ray pulses are employed to irradiate four types of optical fibers and radiation-induced losses are measured by using five lasers with different wavelengths as carriers.
Effects of γ-ray radiation on optical fibers

Loss mechanism of optical fibers
Loss is inherent nature of optical fibers. In accordance with different generation mechanisms, loss is usually classified into: absorption loss, scattering loss, waveguide loss and bending loss, etc (Liu et al., 2006) . When light-waves propagate in optical fiber media, interactions between photons and atoms occur. Photons will continue to transfer their energy to matrix atoms gradually. This process results in absorption loss. Optical matrix materials and impurities are the main factors influencing the absorption loss. Based on the different absorption subjects, absorption loss is classified into intrinsic absorption loss, impurity absorption loss and atomic defect absorption loss. Collisions of photons with substrate atoms, microscopic changes in optical fiber material density, and uneven composition distribution or structural defects generated during the manufacturing process will produce scattering loss. Rayleigh scattering which is inevitable is the lowest limit of optical fiber loss. Once variation of boundary condition for optical waveguide or waveguide deformation appears, part of light-wave mode energy will leak out, resulting in energy loss, i.e. waveguide loss. Fiber bended to a certain extent, part of the light energy will be lost, resulting in bending loss.
Effects of γ-ray radiation on optical fibers
The photon of γ-ray is the quantum of electromagnetic radiation. Radiation damage of material due to incident photon flux is varied, depending upon the material through which the photon propagate and the photon energy of the radiation. Damage ranges from simple heating, as photons are absorbed, to ionization and even photon-nuclear disintegration if the interacting photon energy is of the order of 10MeV or greater. According to different photon energy, effects of γ-ray on materials include: photoelectric, Compton, electron pair and scattering effects (Mei, 1966) . The variation of cross sections for different effects in optical fibers with photon energy is calculated by GEANT4 and shown in Fig. 1 . The data exhibited in Fig. 1 serve to point out that Compton Effect is dominant over the behavior with γ-ray radiation exposure on optical fibers. In addition, there is also fluorescence and Cerenkov effects. The penetration of radiation into materials is not only dependent upon the material itself but also upon the type of radiation. The penetration rate of γ-ray into optical fibers is calculated and shown in Fig.2 . Atomic and molecular electron energy levels are on the order of a few electron volts, and so an electron bound at an atomic site in a material would not undergo a simple transition to a higher atomic energy level due to interaction with γ-ray. The resulting high energy electron of Compton Effect is the primary source of radiation damage due to γ-ray absorption in optical fibers. Its energy and intensity distribution in the horizontal profile of optical fibers is depicted in Fig.3, 4 , and 5 when γ-ray with photon energy of 0.3, 0.8, and 1.0MeV projects along the vertical profile respectively. If sufficient ionizing radiation of γ-ray with energies from several MeV down into the keV range is absorbed by optical fibers, it causes damages to optical fiber materials. The damages which produce additional radiation-induced loss on light propagation are associated with the energy and intensity distribution of the resulting high energy electrons. 
Mode distribution and alteration of refractive index in optical fibers
The index of refraction is attributable to the electromagnetic properties of optical fibers. As in crystalline, similar processes of color center formation by radiation absorption may occur in amorphous. It's reasonable to assume that some changes in the index of refraction may result from radiation exposure. In fact radiation-induced changes in the refractive index distribution of optical fibers will influence distribution of mode field and confinement factor and bring additional waveguide loss. Optical waveguide loss arises from the waveguide imperfections. Confinement factor of waveguide can be described as (1) (Yasuo, 2002) 1
where b is the normalized propagation constant, Vk n a n n =− . 0 k is the propagation constant of plane wave in vacuum, 00 0
a is the radius of the core. ω is the angle frequency of light-wave.
The computational results of relative mode field distribution in the core and clad of optical fibers, relative distribution of electric field intensity and confinement factors as a function of refractive index changes are shown in Fig.6 , 7, 8 respectively. Any alteration in indexes of refraction within optical waveguide will influence the mode distribution and cause waveguide loss eventually. 3. Design of experimental measurement system 3.1 Measurement system structure In order to measure pulsed γ-ray radiation-induced loss, a special experimental measurement system will be needed. During the system design, the following factors should be considered comprehensively: (1) Radiation sources. Radiation dose is adjusted by the nature of ray attenuations, with real-time simultaneous multi-point monitoring. (2) Optical fibers. In order to obtain uniform irradiation, optical fibers are coiled into circles with diameters as small as possible e.g. several centimeters, until the bending loss cannot be neglected. Its exposure length can be adjusted conveniently. (3) Response and record time sequence. The system's response time should be controlled within a tenth or less of the time width of the radiation rays in order to reduce influence of the measurement system time characteristics on results. To ensure records of effect signal waveforms, all devices should be set at automatic working states. The measurement system linear dynamic range of amplitude should be as large as possible e.g. 100. (4) Measurement environment. The main radiation source is a large electron accelerator with strong space electromagnetic radiation, so all the electronic equipments should be shielded effectively. A typical experimental apparatus for measuring the radiation-induced loss in optical fibers is shown in Fig. 9 .
Measurement system components
The measurement system consists of three parts: (1) Signal recording section. It contains a trigger, a signal generator and a transient digital oscilloscope. The trigger is used to start the transient oscilloscope and signal generator simultaneously. The signal generator is used to produce pulse signal to drive the analog optical fiber transmission system, thus producing pulsed light signal. The transient oscilloscope is used to record the optical signal while γ-ray impulses on optical fibers. (2) Optical fiber transmission section. It contains a semiconductor laser transmitter and a receiver. The semiconductor laser is used to convert the pulsed electric signal into optical ones, and the semiconductor receiver is used to convert pulsed light signals into electrical ones and send it to the transient oscilloscope. (3) Target section. It contains optical fibers under test and regulating facilities. 
Main technical parameters
A comprehensive list of the important parameters in conducting a measurement of the radiation response of optical fibers is as below: Radiation source I: average photon energy of 0. In considering the effect of radiation, the radiation damage is a dynamic process, i. e. concurrent with the darkening due to the production of color centers by the irradiation is recovery due to emptying of the holes and electrons out of these centers. Thus ,the net optical absorption that is observed is the sum of these two process.
Development of laser transmitter and receiver
A broad-bandwidth analog optical fiber transmission system is developed for radiationinduced loss measurement under the circumstance with complicated electromagnetic fields. The ultra-fast pulsed electric signal is converted to optical by electro-optic conversion method. With certain kilometers propagation, the optical signal is recovered by photo-electric conversion method. The experimental measurement results of the transmission system indicate that its bandwidth is (0.0003-3)GHz, in-band flatness ±1dB, linear dynamic range 100, output peak-to-peak noise less than 5mV, and input/output standing-wave-ratio less than 2.
4.1 Structure and design 4.1.1 Structure An analog optical fiber transmission system is usually comprised of a transmitter, a certain distance long optical fibers and a receiver. The structure is shown in Fig. 10 . Key technologies for designing and fabricating a broad bandwidth analog optical fiber transmission system lie in these aspects: (1) By impedance matching, the response in high frequency band is compensated and the overall system bandwidth is expanded consequently. (2) With peak-to-peak noise of PIN photoelectric diode and preamplifier reduced, the linear dynamic range is extended. (3) The parasitic parameters of components and micro-striplines in the modules reduced, the system can operate stably.
Transmitter
The transmitter contains an integrated multi-quantum-well distributed feedback laser diode(MQW-DFB-LD), an optical isolator, automatic power control (APC) circuits (Tanaka et al., 2002; Zivojinovic et al., 2004; Pocha et al., 2007) , automatic temperature control (ATC) circuits, and DC bias circuits. The potential improvements of overall optical system performance depend on studying and analyzing LD transient characteristics such as modulation bandwidth, intensity, frequency noise levels and nonlinear distortion. Numerical laser models and sophisticated computation can accurately predict LD transient characteristics of above-mentioned parameters. The time dependent carrier density rate equations for LD in the active region are described as (Huang, 1994; Ghoniemy et al., 2003) :
where N is the average density of electrons, P is the average density of photons, leak N is the density of leaked carriers, d is the thickness of the active layer, e τ is the lifetime of electrons, p τ is the lifetime of photons, G is the differential coefficient which expresses light gain, β is the simultaneous emission coefficient, e J is the injected current density, e is the electron charge. The cutoff modulation frequency of LD is deduced from (2) and given by 
where, Γ is the light gain confine factor, th J is the threshold current density. From (3) it can be conclude that the cutoff modulation frequency can be enhanced by increasing the injected current. Considering the carrier transport effects, too large injected current may lead to the variation of the refractive index distribution in the active region, resulting in the deterioration of the modulation performance. The appropriate bias current should be selected by considering the relationship of bandwidth with dynamic range synthetically. With the help of a light-wave component analyzer, the transient characteristics of LD can be analyzed. The electrical equivalent circuit is shown in Fig. 11 . L p1 , L p2 is the lead inductance, C p the package parasitic capacitance, C d the PN junction diffusion capacitance, C b the PN junction barrier capacitance, R diff the PN junction differential resistance, R v the bulk resistance of semiconductor material, D the equivalent ideal diode. Elemental parameters in the electrical equivalent circuits provide P-Spice simulation software with original data. A basic driving circuit is designed to meet LD analog amplitude modulation, and shown in Fig. 12 . In the figure D 1 is designed to prevent LD from reverse breakdown. R 1 -R 4 , C 1 -C 3 are mainly used for impedance matching and high frequency response compensating. L 1 , C 4 , and C 5 provide the bias decoupling, reducing transient current impact on LD, V in is input modulation signal, and I bias DC bias current. APC circuits are used to provide LD with static operating point current. Precise temperature control is needed for LD to operate stably, since its threshold current, output power and peak wavelength will vary with junction temperature fluctuation. ATC circuit will meet the demand of junction temperature control. With APC and ATC circuits, the LD's variation of output power keeps within 2%, and the variation of operating temperature keeps within 0.1℃. There may be some parasitic effects imposed on modulation characteristics to a certain extent. Simulation results show that when a LD is working in high-frequency modulation, the parasitic lead inductance will be impacted obviously on the amplitude-frequency characteristics. Efforts should be made to reduce the distribution parameters to a level as low as possible in different package forms in order to make the LD work stably. 
Receiver
The receiver is comprised of a PIN detector, bias circuit and broad band-width low-noise amplifier. The PIN converts optical signals into electrical ones. The broad bandwidth lownoise amplifier enlarges the signal to an advisable level suitable for recording. Since the PIN output signal is usually weak, such techniques as low-noise, high-gain amplification and impedance matching are needed to design the receiver.
The equivalent PIN AC circuit is shown in Fig. 13 . In the figure I i is an ideal current source, C j the junction capacitance, R j the junction resistance, R p and C p equivalent parasitic values, and R load equivalent load for the amplifier. Amplifier bandwidth, noise characteristics, and impedance matching should be taken into account in designing photoelectric conversion module. Its principle circuit is shown in Fig. 14 . 
Performance 4.2.1 Bandwidth
Bandwidth indicates the response of the input electrical signal frequency components (Hinojosa et al., 2001) . Both frequency and time domain measuring methods are employed in the experiments. In frequency-domain measurement a light-wave component analyzer is used. The results show that bandwidth is (0.0003-3) GHz, band flatness ±1dB. The measured amplitude-frequency characteristic curve is shown in Fig. 15 (frequency sweep range (0.0003-3) GHz, amplitude coordinate scale 2 dB/div). With a electrical sub-nanosecond pulse signal generator and a broad bandwidth digital oscilloscope, response in time domain is measured. The typical pulse waveform recorded is shown in Fig. 16 . In the figure R1 is input pulse signal wave, and R2 is output waveform. The wave front of R1 and R2 is 153.5ps and 169.1ps respectively. According to the Gaussian approximation formula estimation, its bandwidth is approximately 3 GHz. 
Linear dynamic range
The linear dynamic range of the optical fiber transmission system is measured by point-topoint scanning method. The input/output data and fitting curve are shown in Fig. 8 . The result indicates that its dynamic range is greater than 100 with non-linear error less than 3%. 
Output noise
A broad bandwidth digital oscilloscope is used to record the output noise while the input is zero. A typical waveform recorded is shown in Fig. 18 (time scale of 50ns/div, amplitude scale of 1mV/div). It can be seen from the waveform that the peak output noise V p-p is less than 5mV (3.34mV recorded). 
Standing wave ratio
By a light-wave component analyzer, the measured curve is shown in Fig. 19. (frequency sweep range of (0.0003-3) GHz, amplitude coordinate scale of 1dB/div). The result shows that SWR is less than 2(1.59 recorded). Fig. 19 . Curve of standing-wave-ratio in all bandwidth.
Results and analysis
Two different kinds of pulsed γ-ray devices with average photon energy of 0.3MeV, pulse width of 25ns, dose rate of 2.03×10 7 Gy/s and average photon energy of 1.0MeV, pulse width of 25ns, dose rate of 5.32×10 9 Gy are employed as irradiation sources in the experiment. The transient radiation-induced loss of pulsed γ-ray effecting on single-mode and multi-mode optical fibers have been measured. Optical fiber transmission systems with several different wavelength such as 405, 660, 850, 1310 and 1550nm are involved in the experimental measurement system.
Amplitude performance of transient radiation-induced loss
The experiments have been accomplished on two devices with high/low ray flux respectively. The high flux device makes detection system saturate, which has shorter detection wavelengths (405, 660 and 850nm). The low flux device exerts very low response on detection system which has longer detection wavelength (1310 and 1550nm). The signal level is too low to detect. The average radiation-induced loss of optical fibers under relative low and high flux pulsed γ-rays are shown in Table 1 . and 2. respectively. It has become evident that the radiation-induced loss experienced by optical fibers is extremely larger than the intrinsic loss and dependent on the fiber type. It is appear that the single mode fiber may be influenced to a lesser degree than multi mode fibers. It is likely from the difference in fractions of optical power that propagates within the cladding of the two types of fiber. To the response of same type fiber, the radiation-induced loss relies upon the wavelength of laser carrier. It is obvious that the shorter the wavelength of laser carrier, the larger the radiation-induced loss of optical fiber. Table 2 . Average transient radiation-induced loss under high pulsed γ-ray.
Time performance of transient radiation-induced loss
Typical light signal waveform is shown in Fig. 20 . The calculation result shows that the response time of transient radiation-induced loss is approximately 5ns. In order to measure the recovery of the tested optical fibers, the optical spectrum loss at the range of 700-1600 nm is measured and compared with non-irradiated ones. The results are shown in Fig. 21 . It can be seen from Fig. 21 that the radiation-induced loss of pulsed γ-ray effecting on optical fibers still remains, especially evident in the range of 700-1000nm and around 1390nm. The permanent radiation-induced loss increases with the decrease of wavelength in this range.
To verify the heat recovery of radiation effects, the optical fibers have been heated to 80℃ for 2h and the above-mentioned loss measurements are repeated then. It can be found that the loss have no changes virtually indicating the existence of permanent radiation-induced loss under the irradiation conditions in this experiment. 
Relationship between transient radiation-induced loss and radiation dose
By 850nm laser measurement system, the measured data of low flux γ-ray transient radiation-induced loss on optical fiber G. 651 (62.5/125μm) and fitted curve are shown in Fig. 22 . It can be drawn that the transient radiation-induced loss has an approximate linear relationship with total dose in the range of 0.1-3.5 Gy. It is observed that the radiationinduced loss tends to saturation with increasing dose. The saturation is associated with the total radiation-induced color centers in a given length of fiber under test. In the experiments, it is not observed that the decreasing in radiation-induced loss with increasing dose, so called radiation annealing. Luminescence and Cherenkov lights are not observed in the experiments due to their weak intensities along fiber axis. The sensitivity of the measurement system is to be improved.
Effect analysis
The essential difference between the crystalline and amorphous solid is that there is not long-range order in the latter. Instead there are localized regions of ordered atomic arrangements in amorphous solids that exist only over a few atomic diameters. Therefore there will be localized electronic states within glasses which account for the optical properties in such materials . A col or center is an impurity or imperfection within an otherwise well-ordered system. Generally there will be a set of energy levels available for electronic transitions. These energy levels then represent an absorption spectrum while light not absorbed gives the material its characteristic color. Impurities, atomic defects, irregular arrangements of atoms or trapped charge carriers can cause color centers to form with sets of specific absorption spectrum. When γ-ray irradiates on optical fibers, Compton effect will occur usually and the resulting high energy electrons causing the primary radiation damage due to γ-ray absorption in optical fibers. High energy electrons will increase the concentration of color centers, which lead to additional absorption of incident light. Short-lived color center will continue to prevent the formation of new color centers. Therefore in a certain range of radiation dose, radiation-induced loss presents an approximately linear relationship with doses, but as the dose increases, radiation-induced loss tend to get saturated. γ-ray radiation also results in overall optical waveguide deterioration due to changes in the indexes of refraction of core, cladding, or both. It is likely that we could not be able to clearly separate the absorption effect and the index of refraction effect. But in this case, it may be manifest that the absorption effect is dominant. The role of external heat may accelerate the transition of excitation level, the relaxation of carriers from trapping, or diffusion of color centers, for many forms of color centers are unstable and thermal processes are sufficient to restore the material to its original state. So heat may be beneficial for recovery of radiation-induced loss. But external heat appears invalidation to the permanent radiation-induced loss, which arises from stable color centers. Radiation-induced loss is somewhat dependent on the fiber types. It appears that the singlemode fibers may be less affected than multi-mode fibers. Single-mode fibers have more concentrated electromagnetic energy distribution than multi-mode fibers. In the same irradiation conditions, the absorption of single-mode fiber radiation dose is relatively small in the mode distribution region, so the radiation-induced loss of single-mode fiber is lower than that of multimode fiber.
Conclusion
In this chapter, two different dose rates of pulsed γ-ray devices are used to irradiate four kinds of optical fibers. By using near infrared and visible wavelength measurement system, the radiation-induced loss is measured. It can be drawn from the experimental results: (1) Under the same experimental condition, the radiation-induced loss of multimode fibers is slightly larger than single-mode fibers. (2) Radiation-induced loss will increase as the detection laser wavelength shifts from near-infrared to visible regions of optical spectrum. Within a certain dose range transient multi-mode fiber radiation-induced loss displays a nearly linear dependence upon the total dose. (3) Two models are invoked to explain radiation-induced loss. One is that the generation of new color centers in fiber materials will increase the absorption loss in the near infrared and visible region. The other is that the changes of refractive index will lead to additional waveguide loss. Both radiation-induced loss mechanisms exist simultaneously; therefore, radiation-induced loss is the result of joint action of the two. (4) Radiation-induced fluorescence density along the optical fiber axis is so low that measurement system with higher sensitivity is needed (e.g. photoelectric multiple tube). Taking the advantage of effects of radiation, on the one hand scientists can seek methods for decreasing additional loss and develop anti-radiation optical fibers suitable for transmission systems under radiation environments, and on the other hand they can also manufacture radiation dose meters based on this effect.
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